The addition of bevacizumab to established therapies for metastatic and locally advanced cervical cancer is an area of evolving research and a potential strategy toward improving historically suboptimal outcomes for women with advanced disease. Bevacizumab, when added to first-line chemotherapy, has now been shown to improve overall survival among women with metastatic cervical cancer, and recent Phase II data suggests it is safe and effective for patients with locally advanced disease treated with curative intent. Here we review the rationale and current evidence for bevacizumab in clinical practice, with an emphasis on the emerging role of bevacizumab in the treatment of metastatic and locally advanced cervical cancer.
Introduction
It is estimated that 12,340 women have been diagnosed with cervical cancer in the US in 2013 1 and over 275,000 cases were estimated to be diagnosed worldwide in 2008. 2 Although modest strides have been made, cervical cancer remains the second most lethal cancer in women in developing countries. Of those diagnosed in the US, approximately one-third will die from the disease and this ratio is even worse in developing nations, where a greater percentage of women present with locally advanced or metastatic disease. While both definitive surgery and radiation are effective in the treatment of earlystage cervical cancer, our ability to successfully manage patients with advanced disease remains suboptimal. In the 1990s, landmark trials established concurrent chemotherapy and radiotherapy as the standard of care for intermediate and locally advanced disease. [3] [4] [5] More recently, in an attempt to improve outcomes beyond the optimization of standard radiation and cytotoxic chemotherapy, investigators have sought to add molecularly targeted biologic agents to the armamentarium of cervical cancer management, in both the metastatic and non-metastatic setting. One of the most promising and best studied of these molecular agents utilized to date is bevacizumab, a humanized monoclonal antibody against vascular endothelial growth factor A (VEGF-A). This review will address clinical experience with bevacizumab and the justification for its use, with an emphasis on the current evidence to support bevacizumab in the management of metastatic and locally advanced cervical cancer.
Angiogenesis
In the setting of malignancy, angiogenesis is a pathologic process by which tumors corrupt nearby vasculature, often resulting in the erratic formation of new blood vessels that 
752
Jackson et al promote neoplastic progression. Quantifiable surrogates for angiogenesis, such as microvessel density (MVD) and VEGF expression have been shown to be elevated in various solid tumors, 6, 7 including cervical cancer. 8 Increased angiogenesis may also be a marker for enhanced biologic aggressiveness. In a series of 111 women with cervical cancer, high tumor MVD was a significant prognostic factor, and was associated with worse local control and diminished overall survival (OS) on multivariate analysis. 9 The most well-studied angiogenic factor is VEGF, a member of a family of dimeric glycoproteins that play integral roles in the neogenesis of vascular and lymphatic channels, both developmental and pathologic. VEGF has been shown to trigger the proliferation of endothelial cells, regulate membrane permeability, and promote recruitment of stem cells to sites of neovascularization. 10, 11 These new blood vessels often lack pericytes, supportive cells that form alongside phenotypically normal vessels. As a result, malignant vasculature branches out in a haphazard, distorted manner, leading to functional abnormalities and ultimately resulting in leaky membranes, hemorrhage, and high interstitial pressure. 6, 12 The human papilloma virus (HPV) is the primary carcinogenic driver of cervical cancer worldwide, implicated in over 99% of cases. 13 The oncogenic capability of this virus is due, in part, to stimulation of malignant neoangiogenesis. HPV infection, and subsequent incorporation of the pathogenic E6 oncoprotein, results in the degradation of the p53 tumor suppressor gene. Inactivation of p53 has numerous deleterious effects, one of which is unchecked proliferation of hypoxia inducible factor 1 (HIF-1), a transcription factor that helps stimulate neoangiogenesis mediated through VEGF and other gene products. Clinically, overexpression of HIF-1 has also been identified as a poor prognostic marker in cervical cancer.
14 VEGF levels increase correspondingly with HIF-1 and are not downregulated by p53, as would be expected in healthy tissue. 15, 16 Levels of VEGF in tumors can be quantified using various immunohistochemistry (IHC) assays. Utilizing these IHC techniques to assess 73 cervical tumors after hysterectomy, Tokumo et al reported that elevated VEGF expression correlated well with MVD when evaluating the neovascularized regions of these tumor specimens. Further, these investigators also reported that MVD was significantly higher, and intensity of VEGF expression significantly stronger, in adenocarcinomas as compared to squamous cell carcinomas. 17 This may contribute to the poorer outcomes observed for cervical adenocarcinomas when compared to squamous cell carcinomas. 18 In a different study, Dobbs et al found that MVD and VEGF levels rose with progressively degenerative levels of cervical neoplasia, suggesting a direct correlation with neoplastic transformation. 19 While normal tissue in these biopsy and hysterectomy specimens displayed relatively low levels of MVD and VEGF, these two parameters continued to increase proportionally to the grade of intraepithelial neoplasia and were at their highest levels in invasive carcinoma.
While VEGF signaling is known to play a vital role in both oncogenesis as well as normal human development, its activity within the physiologic milieu of an adult is thought to be minimal outside of normal wound healing. 10 Thus, the inhibition of this process represents an attractive target to investigators hoping to realize an antitumoral effect while minimizing toxicity. This goal could potentially be achieved via administration of a number of molecularly targeted agents directed against VEGF and other key regulators of angiogenesis.
In the setting of recurrent and metastatic cervical cancer, tumors are often resistant to both chemo-and radiotherapy due to a variety of factors, including acquired treatment resistance, treatment-induced hypoxia and necrosis and, as some investigators have suggested, increased VEGF signaling. 10 As a result, targeting angiogenesis has become an attractive investigational approach to these tumors. However, given the dependence of chemotherapy and radiation on functioning vasculature, concurrent treatment with an antiangiogenic agent such as bevacizumab would seem counterproductive to the desired therapeutic effect. In the simplest terms, chemotherapy is dependent on perfusion for delivery. Likewise, hypoxic tumors are known to respond poorly to both chemotherapy and radiation, with the generation of reactive oxygen species, in the case of radiation, being requisite to the induction of lethal DNA damage.
One leading hypothesis for bevacizumab's potential synergy with both chemotherapy and radiation is explained by the pruning or vessel normalization hypothesis, whereby anti-VEGF effects normalize the peritumoral vasculature to improve therapeutic efficacy. 20, 21 Instead of further hypoxia as one might expect, Lee et al demonstrated in their preclinical model that treatment with an anti-VEGF antibody can improve tumor oxygenation and act synergistically with radiation. 22 A study of other antiangiogenic agents has also been reported, demonstrating the mitigation of hypoxia and enhancement of lethality induced by radiation. 23 
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Bevacizumab for metastatic and locally advanced cervical cancer a more normal state. 24 While this normalization of vasculature may improve the delivery of chemotherapeutics and the tumor's sensitivity to radiation, it is unclear if these changes are transient or sustained. 12 Regardless of the duration of susceptibility, restoration of the vasculature to a more normal phenotype may provide an open window of opportunity, during which the tumor is more susceptible to assault with concurrent delivery of chemotherapy or radiation.
Reviewing the role of bevacizumab in non-cervical malignancies Bevacizumab for metastatic non-cervical malignancies
When appraising the evolving role of bevacizumab for patients with cervical cancer, it is useful to consider the forerunning clinical experience with bevacizumab in other disease sites. Selected prospective Phase II and III trials evaluating bevacizumab in the metastatic and definitive setting in non-cervical malignancies are displayed in Table 1 .
Some of the most important initial studies evaluated the role of bevacizumab in the setting of metastatic colorectal cancer. Hurwitz et al initially demonstrated a 4.7-month median OS benefit with the addition of bevacizumab to first-line chemotherapy for patients with previously untreated metastatic colorectal cancer. 25 Three years later, another trial demonstrated a median OS benefit of 2.1 months when bevacizumab was added to second-line chemotherapy in previously treated patients with persistent metastatic disease. 27 Notably, there were 15 treatment-related deaths in the bevacizumab arm of this trial, five secondary to pulmonary hemorrhage, while only two treatment-related deaths were observed in the control arm.
Conversely, the addition of bevacizumab has failed to generate survival advantages for metastatic disease when added to first-line chemotherapy at other sites, including metastatic breast 28 or pancreatic cancer. 29, 30 Prior to the initial presentation of the results of the Gynecologic Oncology Group (GOG) 240 study, 31 which is discussed in detail in the section entitled "Bevacizumab for cervical cancer", an OS advantage with bevacizumab had never been demonstrated in a gynecological malignancy. Similar to results seen in breast and pancreatic cancer, GOG 218 indicated that addition of bevacizumab during and as maintenance following carboplatin and paclitaxel lends a progression-free survival (PFS), but not an OS, benefit to women with newly diagnosed Stage III or IV ovarian cancer. 32 A separate advanced and metastatic ovarian cancer trial, the International Collaboration on Ovarian Neoplasms (ICON7), enrolled predominantly low-risk women with no visible residual disease and included some women with high-risk, early-stage disease. 33 This trial also demonstrated a PFS benefit with a trend toward OS that did not reach statistical significance.
Bevacizumab in the non-metastatic setting for non-cervical malignancies
Other trials have demonstrated that bevacizumab may be safely combined with concurrent radiation as well as cytotoxic chemotherapy at standard doses in the potentially curative management of solid tumors, including rectal, pancreatic, and central nervous system primaries. When reviewing the use of bevacizumab in cervical cancer, it is useful to consider the toxicities observed with bevacizumab in addition to standard adjuvant therapy for other pelvic malignancies such as rectal cancer, as the definitive treatment of both sites necessitates irradiation of the pelvis. In the setting of locally advanced rectal cancer, Willett et al first demonstrated the safety of bevacizumab at 5 mg/kg intravenously alone and in combination with concurrent 5-fluorouracil and external beam radiation in the neoadjuvant setting. Dose escalation to 10 mg/kg of bevacizumab was halted as two of the initial five patients developed dose-limiting diarrhea and colitis during the combined modality phase of treatment. 34 Although subsequent Phase II efficacy data in this small population was encouraging, 35 perhaps just as pivotal was the evidence for bevacizumab's ability to promote vessel "normalization" within the tumor, 24 potentially providing an opportunity for synergism with chemotherapy and radiation, the former a result of improved delivery and the latter a result of improved tumor oxygenation.
For colorectal cancer, Phase III trials in the adjuvant setting have been unable to confer an OS advantage. The National Surgical Adjuvant Breast and Bowel Project (NSABP) C-08 study, in which patients with Stage II or III colon cancer were randomized to 5-fluorouracil, leucovorin, and oxaliplatin (FOLFOX) plus or minus bevacizumab, failed to demonstrate a disease-free or OS benefit with the addition of bevacizumab; 36 a result that was particularly disappointing in light of the aforementioned survival benefits observed in both the first-and second-line metastatic setting. 25, 26 In the setting of locally advanced pancreatic cancer, investigators from MD Anderson Cancer Center reported the safety outcomes and toxicity profile of bevacizumab in combination with concurrent capecitabine and abdominal radiation in a Phase I trial. 37 The subsequent Phase II Radiation Therapy Oncology Group (RTOG) 0411 study, was the first prospective, multi-institutional cooperative trial to evaluate the safety of anti-VEGF therapy with concurrent radiation and chemotherapy in any disease site. 38 This study demonstrated higher than expected rates of toxicity, as 35.4% of patients experienced Grade 3 or greater treatment-related gastrointestinal (GI) toxicity. It has been speculated that this phenomenon may have been secondary to impairment of normal bowel healing between radiation fractions due to a restriction of physiologic VEGF activity. Additionally, excessive off-protocol inclusion of the bowel within radiation treatment fields has been discussed as a possible contributing factor. It could also be a result of the tendency for advanced pancreatic cancer to involve the duodenum. Overall, the GI toxicity observed in these trials is particularly instructive to radiation oncologists regarding the potential for synergistic GI toxicity when irradiating tumors in the abdomen or pelvis with concurrent bevacizumab. 20, 34, 38 In the setting of glioblastoma multiforme (GBM), the recent reports of two randomized trials demonstrated no OS benefit with the addition of bevacizumab to the standard therapy of radiation and temozolomide, despite improvement in PFS. Conflicting results for quality of life and maintenance of performance status were observed, with bevacizumab being beneficial in one trial and harmful in the other. 39, 40 OncoTargets and Therapy 2014:7 submit your manuscript | www.dovepress.com
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Bevacizumab for metastatic and locally advanced cervical cancer Overall, the addition of bevacizumab to standard therapy has resulted in PFS benefits in non-cervical malignancies in both the definitive and metastatic or recurrent setting. However, despite the OS benefits previously observed in metastatic colorectal and lung cancer, no prolongation in OS has ever been reported in a prospective randomized trial evaluating the addition of bevacizumab to a definitive therapy with curative intent.
Bevacizumab for cervical cancer
Bevacizumab and anti-angiogenesis for metastatic or recurrent cervical cancer Quality trials evaluating bevacizumab's utility against cervical cancer are few in number, though available evidence, reviewed here, indicates activity against this disease, particularly in the metastatic setting. Wright et al reported some of the initial clinical evidence for the efficacy of bevacizumab in cervical cancer. Their retrospective analysis of a small group of six women with metastatic and heavily pre-treated cervical cancer showed a 67% response rate when combined with cytotoxic chemotherapy. 41 In this small cohort of patients, bevacizumab was also well-tolerated overall, although one patient developed Grade 4 toxicity (neutropenic sepsis). However, this was most likely attributable to the cytotoxic component of therapy.
Prospective trials of bevacizumab in the treatment of cervical cancer in the metastatic and definitive setting are summarized in Table 2 . Monk et al reported the first Phase II trial of bevacizumab in cervical cancer conducted through the GOG. In this trial, bevacizumab was delivered as palliative monotherapy (15 mg/kg every 21 days) to women with recurrent disease who had previously been treated with either one or two regimens of cytotoxic chemotherapy beyond their initial, definitive therapy. 42 Although it was hypothesized that the antiangiogenic effects may induce cytostasis leading to some interval of stable disease, single-agent bevacizumab induced an objective tumor regression in five patients (11%) and eleven patients (24%) were without progressive disease for at least 6 months. These responses were far better than investigators initially anticipated during the design of the trial. Further, bevacizumab actually outperformed a number of cytotoxic agents when compared against historical singleagent GOG regimens. [43] [44] [45] Toxicities, including hypertension, thromboembolism, and gastroenteritis, were far from benign though, in keeping with bevacizumab use in other disease sites.
Following these single-arm Phase II results, the GOG initiated a randomized Phase III trial (GOG 240) of chemotherapy with and without co-delivery of concurrent bevacizumab. 31 In this four-arm trial with a 2×2 factorial design, bevacizumab (15 mg/kg) was evaluated with and without two separate chemotherapy doublets, either cisplatin plus paclitaxel or topotecan plus paclitaxel. The first planned analysis demonstrated that the topotecancontaining doublet was not superior to the standard doublet with cisplatin. Subsequent analysis on bevacizumab's efficacy was published in manuscript form in February 2014 and revealed a significant OS benefit. The median OS was improved by 3.7 months (17 versus [vs] 13.3 months) for those who received bevacizumab regardless of their concomitant doublet backbone. Response rates were also higher in those patients receiving bevacizumab as a component of therapy (48% vs 36%). Toxicity was comparable to other bevacizumab trials, as patients in the bevacizumab arm experienced hypertension (25% of patients), thromboembolic events (8%), and GI fistulas (3%) at higher rates. One important criticism of this trial is the selection of cisplatin for the chemotherapy doublet backbone. Abbreviations: Aes, adverse events; Bev, bevacizumab; d, days; DFS, disease-free survival; G, Grade; Gi, gastrointestinal; HTN, hypertension; LRF, locoregional failure; m, months; OS, overall survival; PFS, progression-free survival; q, every; RT, radiation therapy; Te, thromboembolic event; y, years.
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Jackson et al Carboplatin (vs cisplatin) combined with paclitaxel is considered the standard of care based on its more favorable toxicity profile. 46 However, this marked the first instance of a targeted agent improving OS in a gynecologic malignancy. The OS benefit observed in the initial report of GOG 240 is comparable to those noted previously with bevacizumab in metastatic first- 25 and second-line 26 colorectal as well as non-small-cell lung cancer. 27 Given the aberrant vasculature and hypoxic nature of cervical carcinoma, bevacizumab as well as other targeted agents have been investigated as means to manipulate the angiogenic milieu and limit the propagation of these tumors. Although a full discussion of other antiangiogenic agents is beyond the scope of this review, a few small prospective trials of other antiangiogenics in the setting of metastatic cervical carcinoma have been completed. Sunitinib is an oral agent that targets the VEGF receptor (VEGFR) and was studied in a Phase II trial of metastatic cervical cancer, though no objective responses were seen and unexpectedly high rates of fistula formation were observed. 47 Pazopanib is an orally administered tyrosine kinase inhibitor (TKI) with activity against multiple variants of VEGFR that has shown some efficacy in a prospective Phase II trial, although PFS improvements were small. 48 Another small molecule inhibitor, brivanib, induces selective inhibition of both VEGFR and fibroblast growth factor receptor, and while it has shown some promise in the preclinical setting, 49 early trials demonstrating its clinical efficacy in the treatment of various malignancies are currently ongoing.
Bevacizumab for non-metastatic cervical cancer
Following the recent publication of GOG 240, we now have evidence of bevacizumab's contribution to improved OS in metastatic cervical cancer. While similar efficacy was demonstrated in metastatic colorectal and lung cancers, subsequent investigation into the utility of bevacizumab for localized disease ultimately failed to demonstrate OS benefits in those disease sites. The answer to this question with respect to cervical cancer remains to be elucidated, as no randomized Phase III trials combining bevacizumab with chemotherapy and radiation have yet been reported for cervical cancer in the definitive setting. However, the RTOG recently reported the initial results of the first single-arm cooperative group Phase II trial (RTOG 0417), which evaluated 49 women with bulky Stage IB-IIIB tumors. The trial was designed to assess toxicity as its primary endpoint. All of these patients had bevacizumab combined with the upfront standard of care, definitive radiotherapy (both external beam whole pelvic radiotherapy and brachytherapy) with concurrent cisplatin.
The selection of bevacizumab dose and schedule in the RTOG 0417 trial merits discussion. In this study, bevacizumab (10 mg/kg every 2 weeks) was delivered for three cycles only, and no maintenance therapy was given. Previously, in their small but pivotal series of rectal cancer patients that did receive concurrent pelvic radiation, Willett et al actually decided on a lower dose (5 mg/kg every 2 weeks) as doselimiting diarrhea and colitis were deemed unacceptable at dose escalation to 10 mg/kg. However, among patients treated with the higher dose of 10 mg/kg, two complete responses in the neoadjuvant treatment of rectal cancer were observed, 34 indicating that a higher dose may prove efficacious as long as the volume of bowel in the radiation field can be minimized. However, even bevacizumab alone has resulted in substantial bowel toxicity in the treatment of ovarian cancer, though patients with ovarian cancer are at higher risk of experiencing bowel toxicity than patients with cervical cancer. Careful patient selection may minimize toxicity. 50 In the initial publication of RTOG 0417, the GI toxicity was relatively mild and only two of the 46 patients developed Grade 3 GI adverse events, and no Grade 4 or 5 events were noted. Specifically, there were no GI fistulas or perforations, although advanced cervical cancer differs from ovarian cancer or rectal cancer in that surgery is not generally a component of primary therapy and patients generally experience comparatively less bowel toxicity throughout their treatment course. Hematologic toxicity was the most common among all defined adverse events and the study met its predetermined goals for feasibility and safety. 51 Two years later, OS, disease-free survival (DFS), and locoregional control were reported. 52 Three-year OS and DFS in RTOG 0417 were 81.3% and 68.7%, respectively. Three-year locoregional failure was 23.2%. These outcomes compare favorably with historical reports, although comparison across studies must be made with caution.
Overall, the results of RTOG 0417 demonstrate the feasibility, safety, and encouraging oncologic outcomes with the addition of bevacizumab to standard chemoradiotherapy. Additionally, the authors of the RTOG 0417 report speculated on the implications of the interim analysis of GOG 240. In light of the survival benefit observed in GOG 240 among patients previously treated with chemoradiation, presumably leading to substantial proportions of chemoradiotherapyresistant clonogens, it could be speculated that concurrent plus maintenance bevacizumab administered in conjunction with definitive chemoradiation may convert a portion of the 
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Bevacizumab for metastatic and locally advanced cervical cancer patients from partial responders to complete responders in the definitive setting as well. However, this hypothesis will have to be tested in a randomized clinical trial.
Conclusion
Utilizing the current standard of concurrent chemotherapy and radiation, OS for women with locally advanced disease is approximately 60% at 5 years. 53 This remains suboptimal. The addition of bevacizumab to a multimodality approach represents one strategy to improve outcomes, with unique pathway targeting as well as potential synergy with chemoradiotherapy.
The addition of bevacizumab to first-line chemotherapy is now supported by level I evidence of a survival benefit in patients with metastatic and recurrent cervical cancer. Further, the results of RTOG 0417 indicate that bevacizumab may safely be utilized in the non-metastatic setting, concurrently with radiation, as toxicities observed in this trial did not overlap with those previously demonstrated with combination cytotoxic chemotherapy.
However, the clinical enthusiasm for bevacizumab in addition to definitive chemoradiation remains tempered by forerunning clinical experience with bevacizumab in other sites demonstrating OS benefits in the metastatic setting but only PFS benefits in trials in the curative intent setting. Moreover, the current absence of level I evidence to support a survival advantage with the addition of bevacizumab to standard therapy for non-metastatic cervical cancer may generate questions regarding cost-effectiveness when used outside the context of a clinical trial. Further, careful consideration must be given to the unique toxicities that may arise from antiangiogenic therapies and radiation, particularly when treating pelvic and abdominal targets. Patient selection will likely grow in importance as we learn more about this therapy and its interaction with normal tissue and other cytotoxic therapies. Whether it be through the development of predictive biomarkers, 54, 55 individual clinical characteristics, 50 or even utilizing advanced imaging techniques such as positron emission tomography/computed tomography, 56 judicious application of bevacizumab and other agents is key to achieving advantageous balance between efficacy and toxicity. Questions also remain about the predictive nature of histologic subtypes outside of squamous cell carcinomas, such as neuroendocrine 57, 58 or adenocarcinomas, where increased MVD and VEGF expression in the latter might suggest an enhanced benefit of bevacizumab targeting. 17, 18 Ultimately, the question of improved survival, and an optimized therapeutic ratio will need to be addressed in the context of a randomized clinical trial. Despite its inherent toxicities and limitations, bevacizumab remains a promising biologic agent with documented success in cervical cancer, as well as in other select disease sites, and oncologists should advocate for its inclusion in further trials in the definitive setting.
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